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ABSTRACT

This progress report evaluates the effects of strength
level, Charpy Ve-notch energy, prestraining, prestraining and
stress relieving, and austenitizing temperature on the fatigue
life of a fully quenched HY-80 steel composition. The fatigue
data developed herein indicate that the designer would have to
be cautious when going to higher strength steel when using a
safety factor which is considered satisfactory for lower
strength steels, i,e., if higher strength steels are to be
used, larger safety factors are necessary to obtain a com=~
parable fatigue life. The limited data presented on experi-

mental HY=150 steels indicate that caution will have to be
exercised in evaluating large-specimen fatigue data.

INTRODUCTION

The data given in this report were prepared for presentation at a
Low=Cycle Fatigue Colloquium held at the Marine Engineering Laboratory on
9 and 10 December 1963.

The data and discussion presented are only a fraction of the infor-
mation compiled and analyzed by the Model Basin on the influence of metal-
lurgical factors on the fatigue life of an HY-80 steel. A series of
reports is being prepared to cover the full scope of this work. Accordingly,
this present paper is intended as a progress report.

This study was performed under Bureau of Ships assignment S~F013
03 02, Task 2018.%

The metallurgical evaluation of HY-80 steels taken from models
fatigue tested to destruction permit only a gross metallurgical description.
Very little data were available to aid in interpreting the influence on
fatigue life resulting from nonmartensitic products, prior austenitic grain
size, strength level, and prestraining; in other words, the magnitude of

*hurean of Ships letter C-NP/S, serial 320-060 of Oct 1961.




the individual effects of these metallurgical factors on fatigue life could
not bo assessed on the basis of routine laboratory examinations,
Accordingly, a limited program was undertaken to systematically
investigate the effects of various metallurgical factors on the fatigue
life of an HY-80 steel; see Figure 1. Briefly, the fatigue study entails
the following:
1. Four yield strength levels (85, 105, 120, and 150 ksi),

2. Two grain sizes (ASTM 9 and ASTM 4) at the 105-ksi yield strength
level,

3. Three microstructures (martensite, bainite, and ferrite) at the
85«~, 105-, and 120~ksi yield-strength levels.
4., Evsluation of fatigue specimens:
la} In the és-heat-treated condition.
b. After prestraining 2 percent in tension or compression.
¢, Stress relieving after prestraining.

Each group of fatigue specimens was tested at a nominal 80, 95,
108, and 115 percent of its yield strength.

MATERIAL

Figure 2 depicts the upper and.lower bounds of maximum transverse
Charpy V-notch energy for commercially produced HY-80 compositions heat
treated to various strength levels. The HY=80 steel selected for this in-
vestigation (DTMB plate E103) falls at the lower bound. It is interesting
to note that HY=-80 steel HC, which falls at the upper bound, has a chemis~
try similar to that of DTMB plate El03 which falls on the lower notch
toughness bound.

The effects of varying the microstructure by isothermal treatments
on the notch=toughness properties for different yield strengths of the HY-
80 steel selected for this investigation are shown in Figure 3. The
tempered martensitic structure indicated by the solid line had generally
the beat notch~toughness properties. The effects of various percentages
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of nonmartensitic products will be discusscd in subsequent reports, Speci-
mens austenitized at 2000 F (not shown on this curve) had NDT temperatures
about 100 F higher for any given strength level. However, the maximum
Charpy Ve-notch energy levels were the same. Correlations between Charpy V-
notch maximum energy and fatigue life will be presented in the test results.

The stress=-strain curves obtained after heat treatment are depicted
in Figure 4. This figure shows the effects of various tempering tempera-
tures and microstructures on the yielding characteristics of the HY=80
steel used in this investigation, Except for the specimens heat treated to
the 162~ksi yield strength, all stress=strain curves demonstrated plateau,
or semi=-plateau yielding characteristics, Load=strain curves extended to a
total of 2 percent indicated that the yield=point elengation did not go
significantly above the stress level indicated at the termination point of
each stress=strain curve shown in Figure 4,

A Bauschinger effect was introduced by the prestraining. Specimens
which were stress relieved after prestraining showed that the as-heat-
treated yield strengths were not exceeded when tested either in tension or
compression. In fact, the character of the prestrained and stress-relieved
stress-strain curve was similar to that of the as-heat-treated material,
indicating that stress relieving had not introduced strain aging, and had
eliminated Bauschinger effect.

An investigation of over one thousand commercially produced HY-80
steel plates showed that the majority of the pla‘es had upper and lower
yield points, or plateau-yielding characteristics similar to those shown in
Figure 4, The stress=strain curves that exhibit upper and lower yield
points, or plateau yielding, are considered discontinuous since both curves
have an extended area, usually around 2 percent, where the strain increases
without increases in stress. This increase in deformation without additional
stress is called the yield=point elongation. Therefore, the stress~-strain
curves shown in Figure 4 are considered typical of those found for com=-
mercially produced HY-80 steels.

Figure 5 shows the relationship between yield strength and tensile
strength for the three microstructures investigated; to summarize:

1. For 100 percent martensite:

a. Up to 110-ksi yield strength, the yield strength increases
more rapidly than the ultimate tensile strength,

3




2.

3.

b. From 110= to 140-ksi yield strength, the yield strength
and ultimate strength increase proportionately.

C. From 140~ to 165-ksi yield strength, the ultimate tensile
strength increases at a greater rate thar the yield strength.

d. A reversal in yield strength cccurs at ultimate tensile
strengths exceeding 180 ksi.

For S50 percent bainite and 50 percent martensite:

a. The ratio of yield strength to ultimate tensile strength is
lower for the structure containing bainite than for the
100 percent martensitic structure for all yield strengths
in excess of 80 ksi,

b. Yield strengths increase at a greater rate than the ultimate
tensile strength up to a yield strength of 120 ksi.

c. After 120-ksi yield strength, the ultimate tensile strength
increases at a greater rate than the yield strength,

For 25 percent ferrite and 75 percent martensite:

a. At 80-ksi yield strength and above, the ratio of yield
strength to ultimate tensile strength iz lowest for
structures containing ferrite.

b. Up to 80-ksi yield strength, the yield strength increases
more rapidly than the ultimate tensile strength,

c. At a yield strength greater than 80 ksi, both yield strength
and tensile strength increase at about the same rate.

From Figure 5, it can generally be stated that from 80~ to 90-ksi
yield strength, the ratios of yield strength to ultimate tensile strength
are the same, 0.80 to 0.85. The significance of Figure 5 for evaluating
fatigue characteristics based on submersible design concepts will be
covered in the discussion.

SPECIMENS AND TEST PROCEDURES

Standard R. R. Moore simple beam fatigue specimens were used in

this study, as shown in Figure 6. All specimens were mechanically polished
8o that the final polisiing marks were parallel to the major longitudinal
axis of the specimen. Five specimens were used to define the fatigue life
of each of the stress levels investigated.
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The required loads were applied by use of a hydraulic jack arrange-
ment; i.e., the weights were slowly lowered on the specimen as it was
rotating. After full application of load, the cycles and time to failure
were noted. All specimens were tested at a nominal 2000 rpm. At failure,
the specimens showed none of the temper colors which are indicative of
overheating; however, there were indications that some of the specimens
warmed up just prior to failure.

Immediately after final polishing and during fatigue testing, the
specimens were coated with dodecyl alcohol to avoid variables introduced by

environmental conditions such as high humidity.

TEST RESULTS

,ﬂf{

Since this is a progress report, the raw data, the least square

: equations, and standard deviations will be tabulated for all test conditions
§ and reported as a supplement to the final report.

% APPLIED STRESS VERSUS LOG NUMBER OF CYCLES TO FAILURE

g Presented in Figure 7 are curves showing the standard applied stress
%- versus log number of cycles to failure obtained from four different yield-

§ strength levels of fully tempered martensite from 89 to 162 ksi. The static
;7 tensile proportional limits and yield strengths are superimposed on these

; curves. The following observations can be made from Figure 7:

%2 1. As expected, the higher the yield-strength level, the longer
& the fatigue life for the applied stress levels investigated.
é‘ 2. Regardless of strength, when the applied load equals the static
yield strength, the fatigue life falls between 5000 to 20,000

g, cycles; therefore, any HY-80 structure aiternately cycled at

: its yield strength can be expected to have a fatigue life of

éi lass than 20,000 cycles.

3. When loaded to the proportional limit, an infinite life is
obtained only for the specimens heat treated to £9-ksi yield

p==

strength, Since the fatigue sSpecimens used in this study can be
considered ideal, an HY-80 structure subjected to fatigue can be
expected to have a finite life rather than an infinite life

period when stressed to its static proportional limit,

AT TR e
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EFFECTS OF RATIO OF APPLIED STRESS TO MECHANTCAL
PROPERTIES ON FATIOUR LIFE

The Navy procures HY=H(O sterl under military specification MlLeS=
16216G, One of the main mechanical=property requirementa ia that HV=M)
steel normally used in structures shall have a vield atrength ranging trom
80 to 95 ksi. No minimum Is required for ultimate tensile strength., Thore-
fore it can be deduced from the mechanical properties specified in MlLe=Ne
16216G that the structural designer uses as safoty factors, various ratios of
of structural loads to yield strongth rather than tv ultimato tenaile
strength, If this is tho case, then fatigue life for a given atructure has
to be evaluated as a function of the ratio of applied stress to vield strength.

When the fatigue data given in Figure ? are replotted to show the
ratio of applied stress to yield strength (Figure 8), it can be clearly
seen that for a given ratio, the lower strength fatigue specimens had the
longer life.

If the designer wishes to use some ratio of the elastic portion of
the stress-gtrain curve as a basis for determining his safety factor, then
it can be clearly seen (Figure 9) that the highest strength material has
the lowest fatigue life as determined by the ratio of applied struss to
tensile proportional limit versus log number cycles to failure,

It is customary in engineering tests to compare fatigue life to the
ratio of applied stress to ultimate tensile Strength for various steels or
for the same steels having various strengths. Figure 10 is such a plot
for HY-80 steel heat trcated to various strength levels. This figure shows
that there is no significant difference in fatigue life when these stoels
are compared on the basis of the ratio of applied stress to ultimate tensile

strength. |

Figure 11 clearly depicts the effects of tensile yield strength on
the fatigue life of ideal specimens for given ratios of applied streas to
tensile yield strength. Standard deviation depicted in this figure shows
that the curves obtained for each given ratio do not overlap and that the

fatigue data are distinctive for each tensile yield-strength level.

EFFECTS OF PRESTRAINING AND STRESS RELIEVING ON FATIGUE LIFE

The effects of prestraining in tension, compression, and stress




vrelieving aftor prontraining ave ahown n Figure 12, wheve the eftecta of
tonnile yiold=atrength lovel versua fatigue life are plotted for varlous
ration of applied atrean to tenalle yvield atrength,  From Figure 1Y, which
In A comporite of the efffecta of vartous conditions of perestraining and
stroan relioving on the HY=8) atoel heat treated to H0,000=pal yield
atrength, it can be ween that 2 percent prestraining in tenaion, or com=
prossion, or aftor atroan valieving had very titrle offoct on the fatigue
life for ration of applied atproas to tenaile yleld atrength above 0,88, Tt
ia intervating to noto that the as=hoat=treated specimens anc those prow
strainod in tenaion and stresa relieved had infinite fatigue life for ratios
below 0,803 the other spocimens at thia ratio had finite fatigue lives,

MFFRCTS OF AUSTENITIZING TEMPERATURKE ON FATIGUK LIFN

The effects of auatenitiasing temparature were negligible on the
fatigue life uf HY=RO steel heat treated to 111,000=pai tensile yield
strength, as shown in Figure 14,

EFFRCTS OF MAXIMUM CHARPY V-NOTCH INERGY ON FATIWE LIFK

Figure 3} shows that there waa a decisiw, effect of tenaile yield
strength on tranaverse Charpy Venotoh maximum energy absorbed and on NDT
temperatures, The queation then arises as to whether these notch-toughness
propertiea can be related to fatigue life.

The effects of the tranaverae Charpy V=notch level on fatigue life
are plotted in Fipure 15, It is Intereating to note that the inflection
in the curves occurs around the 4S=ft=lb level, At the 150,000=psi yield~
strength level, the tranaverae Charpy Venotch energy level was around 27
ft=1b,

To determine whéther the Charpy Venotch level could be used as a
criterion, an experimental 7 1/2-percent nickel steel (HY~150) and an HP-
1% steel (Charpy values of 62 and 94 ft-lb, respectively) were fatique~
teated,

Figure 16 compares fatigue life for 7 1/2-percent nickel stesl (HY-
150) and HP=150 to that of HY=-80 (plate E103) heat treated to the same
strength level and to the same HY=80 composition heat treated to 90-ksi
yield strength, This figure is a plot of the ratio of applied stress to




yield strength veraus number of oycles to failure for these three materiala,
It is interesting to note that the HY=80 heat treated to 1850,000=pai yield
atrength and the HP=15% and HY=1% had identical yield atrungth to tenaile
strength ratios of 0,90 whereas the 90,000=psi yield atrength HY=80 had a
ratio of 0,48,

The HY=80 composition heat treated to 150,000-psi yield strength
had the lowest fatigue limit., HY=1% and HP=13%0 can be conaidered as
having the same fatigue life.

Using ideal specimens, the 7 1/2-percent nickel (HY=1350), the HP=
150, and the HY=80 compositions heat treated to 90-ksi yield strength
appeared to have similar fatigue liveas when stressed to 100 percent of
their respective yield atrengths. However, when fatigue tested at 80 per=-
cent of their yiold strengths, HY=150 and HP=15% had a finite fatigue life

(100,000 cycles) whereas HY-80 at 90,000 psi could be considered to have an

infinite fatigue life.
The fatigue life of fully quenched and tempered steels of a given

HY=80 composition appears to be related to yicld strength to tensile

atrength ratio, to Charpy V=notch properties, and to strength level. When
steels of other compositions, such as HY-150 and HP-150, are heat treated

to a 1%0,000=psi yield=strength level having the same yield strength to
tensile strength ratio and having high Charpy V-notch levels (above 50 ft~
1b), the fatigue life of these steels is somewhat greater than the HY-80
composition at this astrength level. Therefore, it is indicated that maxi-
mum Charpy V-notch energy has a contributory effect; probably the effects
of impact strength would be more pronounced for specimens with greater
cross-sectional areas than the specimens used in this investigation.

DISCUSSION

As indicated earlier, HY-8Q steels specified under MIL-S=16216G are
procured to yield strength rather than tensile strength. Since this is the
case, the yield strength rather than the ultimate tensile strength has to
be used as the fatigue design criterion.

The fatiguo data presented herein indicate that the higher the




yield strength, the shorter the fatigue life for a given ratio of applied
Stross to yield strength.

Tho heat affected zone (HAZ) of HY=80 weldment can be expected to
have variations in strength level. Superficially, on the basis of nominal
stress and strength of the HAZ, it would appear that fatigue failure should
not initiate in the HAZ since the higher strength zone would have a lower
working stress ratio and thus a greater fatigue life, Discounting for the
present the effects of residual stress and variations in microstruccure,
the effects of strain have to be considered. Since the high-strength areas
in the HAZ can be considered to have a width which is incrementally small,
and if the base material of the structure yields in operation due to the
presence of design discontinuities, it can be expected that these incre-
mental high=-strength areas will also yield to the same extent as the base
material. If such is the case, then an effective high ratio of applied
stress to yield strength will be experienced in the HAZ. Therefore, as
shown in Figure 8, it can be expected that the high strength areas in the
HAZ can beccome a nucleus for fatigue cracks.

One canncot use higher strength steels to the same design ratios as
lower strength steels and still expect to get the same fatigue life, For
instance, entering the curves shown in Figure 8, at a given number of
cycles, say 105, the curve designating 89~ksi yield strength shows an
applied stress to yield strength ratio of approximately 0.92, and the curve
for the 108-ksi yield strength has a ratio of 0.87. This indicates that
for the same fatigue life, increasing the yield streangth by 21 percent will
only increase the allowable applied stress by 14 percent. Figure 8 also
shows the fatigue life for HY=-80 to be two orders of magnitude higher than
the fatigue life of HY-80 steel heat treated to 160,000-psi yield strength
at a ratio of applied stress to yield strength of 0.8C., Figure 16 shows
this same magnitude of difference when a 90,000-psi yield strength HY-80
is compared to the experimental HY=150 and HP-150 steels.

An argument may be made that if the designer would use ultimate
strength rather than yield strength as his design criterion, that for a
given ratio of applied stress to ultimate tensile strength, the higher
strength steel will have the same fatigue life as the lower strength
materials, as indicated in Figure 10. But this asswmption is not valid




when one considers a design for submersiblea. Derign of submersibles is
based on yielding, whether it be at the 0.2-percent offact yield strength
or at some other yielding criterion, e¢.g., the value of either the ratiocs
of secant modulus to Young's modulus or tangent modulus to Young's modulus,
Using these yielding criteria, the ultimate tensile strength will have to
be modified for the criterion used in the design; i.e., assuming the yield
strength~tensile strength ratio is 0.84, then the tensile strength is re-
duced by the 0.84 factor when calculating the static strength of the
structure. Then the fatigue design can be considered either on the basis
of applied streass to 84 percent of the ultimate tensile strength or on the
basis of applied stress to yield strength.

There is an indication from Figure 16 that the fatigue life of a
material having a high yield strength may be improved if the maximum Charpy
V-notch values can be raised above 40 ft-lb.

Prestraining 2 percent in either tension or compression can be
considered to have negligible effect on the‘fatigue life. The effects on
fatigue life of greater percentages of prestraining or of embrittlement
due to stress‘relieving were not evaluated in this investigation.

It is interesting to note that grain size had no effect on the
fatigue life of an HY-80 composition heat treated to the nominal 100,000~
psi yield-strength level.

The intent of this report and the series of reports to follow is to
indicate the metallurgical facters which may influence the fatigue life of
HY-80 composition. The individual metallurgical factors may or may not be
cumalative in their effect on the design fatigue life. These individual
and combined effects will be evaluated in subsequent reports,

CONCLUSIONS

Since this investigation was primarily concerned with the efiects
of individual metallurgical factors, ideal fully quenched and tempered
fatigue specimens were used. The conclusions presented are based on these
ideal specimens tested under controlled laboratory conditions:

1. The fatigne life for a given ratio of working stress to mechanical
strengih has to be based on the criterion used to design a structure; i.e.,
if some ratio of the proportional limit, yield strength, or ultimate tensile

10




strength is used for deaign purposes, the fatigue life should be evaluated
on the basis of the design ratio used,

2. The major metallurgical factor in reducing the effective working
stress to yleld strength ratio is increasing yield strength,

3. Prestraining 2 percent in tension or compruasion and streas re-
lieving after prestraining can be considered to have very little effect on
the fatigue life.

4, Grain size has no effect on the fatigue life of HY=80 composition
steel heat treated to a nominal 100,000-psi yield-strength level.

5. Use of newer and higher strength fully martensitic steel alloys,
such as HY=150 and HP=150, requires more detailed fatigue stucdies than re-
ported herein. However, this study does indicate that caution will have to

be exercised in analyzing model and large-specimen fatigue data.
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FFACTORS AFFECTING THE FATIGUE LIFE
OF HY-80 COMPOSITION STEEL
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Figure 1 - Invest‘gative Steps in the Fatigue
Study of an HY~-80 Composition
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Figure § = Effects of Micrcstructure and Strength Leveol on the
Ratio of Tenwile Yieid Strength to Ultimate Tensile
Strength
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Figure ¢ = Standard R. R. Moore Fat igue Test Specimen
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TRANSVERSE CHARPY V-NOTCH MAXIMUM ENERGY IN FOCT-POUNDS

Figure 15 - Transverse Charpy V-Notch Maximum Energy versus Log

Number of Cycles to Failure for an As-Heat-Treated HY-80
Composition at Four Ratios of Applied Stress to Ten-
sile Yield Strength
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